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Cyanoacetylene, HCCCN, is a molecule of great astrophysical interest, and its rotational and rovibrational spectra have been intensively investigated by high resolution spectroscopy during the last 20 years. In addition to the fairly complete laboratory spectra of this molecule and its isotopomers in the ground vibrational state in the microwave (MW) and millimeter wave (mmW) region, reported by Creswell et al. [1] and by de Zafra [2] , we have recently extended the ground state measurements into the sub-millimeter wave (sub-mmW) region [3] ; the accurate rotational and centrifugal distortion constants in the ground state supply very valuable information for further spectroscopic studies in the infrared region.
The MW and mmW spectra of HCCCN in some low energy excited vibrational states (lower than 1000 cm -1 ) were studied in detail by Yamada and Creswell [4] . They measured and analyzed the pure rotational spectra of this molecule in the vibrational states of (v 4 , v 5 , v 6 , v 7 Table 1 together with the band center positions determined by high resolution infrared spectroscopy; the most recent papers concerning the fundamental bands are, to our knowledge, presented by Mallinson and Fayt [5] for and v 7 , Yamada et al. [6] for v 2 , Yamada and Winnewisser [7] for v 3 , and Yamada and Bürger [8] for v 5 and v 6 . The lowest stretching excited state, u 4 = l, is strongly perturbed by a Fermi resonance with the v 6 = 2 state. The deperturbed band origin of v 4 was estimated by Yamada and Creswell [4] from the analysis of anharmonic resonances.
In the present study, we have measured the rovibrational spectrum of an overtone band, 2v 5 , near 1300 cm -1 with a high resolution Fourier-transform infrared (FTIR) spectrometer. The band is extraordinarily strong for an overtone band; its intensity is comparable to that of the fundamental bands. Because of the increase of the state density in this energy region, we have detected some accidental resonances in the main band and the associated hot bands. The analysis has been carried out with the effective Hamil- 2 CN str. v 3 C = C str. v 4 C-C str. v 5 HCC bend v 6 CCN bend v 7 CCC bend. [5] . b [6] , c [7] , d Unperturbed value from [4] , e [8] .
0932-0784 / 96 / 0100-0027 S 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72072 Tübingen tonian for linear molecules with two bending modes developed by Yamada and co-workers [9, 10] , which has been used successfully in the analysis of the complicated spectra of triacetylene (HC 6 H) [11, 12] and cyanobutadiyne (HC 5 N) [13] . In order to analyze the accidental resonances observed in the spectra, which are resonances due to the quintic anharmonic potential term of k 45571 , additional off-diagonal terms between the vibrational states have been introduced in this study. Limited information for the v 5 = 2 state from the hot band analysis of the fundamental v 5 band was presented by Arie et al. [14] .
The notation of the vibrational states and rovibrational wavefunctions in this paper follows those given [10] (see also [11] [12] [13] ), with extension to three bending modes and an additional stretching vibrational mode, v 4 .
II. Observed Spectra
The measurements have been carried out in Wuppertal, using a Michelson-type high resolution FTIR spectrometer (BRUKER IFS 120). Using a cell of 278 mm optical length made of glass with KBr windows, the interferogram has been recorded for the wavenumber region from 750 to 1400 cm The line positions were calibrated by using water lines, which were measured simultaneously because residual water remained in the evacuated spectrometer chamber with very low pressure. In the region between 1260 and 1400 cm -1 , 33 water lines were identified in the spectra. The water line positions listed by Guelachvili and Rao [15] were used as standard, and the linear calibration factor was obtained by a least-squares fit; the water line positions were reproduced with a standard deviation of 4.1 MHz. A part of the observed spectrum from 1326 to 1327 cm" 1 is reproduced in Fig. 2 , showing the rota- 
The associated doublet series, in The effective Hamiltonian for polyatomic linear molecules defined in [10] and used in [11] [12] [13] , has been applied in the present study for describing the unperturbed energy levels; the Hamiltonian which contains the parameters for the generic /-type interactions required in the present study, is
with Figure 4 shows the deviations of the observed line positions of the 2v 5 main band from the ones calculated in the preliminary analysis using the effective Hamiltonian given above. A typical deviation pattern due to the avoided crossing of the interacting levels can be clearly seen in this figure; the interacting levels are crossing between J = 10 and 71. A careful look also reveals another, very small, avoided level crossing effect between J = 28 and 29.
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Referring to the predictions of the vibrational energy levels of this molecule recently made by Fayt [16] , we have assigned the perturber level to the (1,0,0, 2) 0,2 combination state. Thus we have introduced the following higher order anharmonic potential terms in our Hamiltonian:
The first one causes a non-vanishing off-diagonal matrix element which is of present interest: 
which is, with a proper combination of quantum numbers for the present case, with actual quantum numbers,
The energy eigenvalues are then calculated by diagonalizing the following energy matrix for each J:
where the shortened notations for the wavefunctions,
are used, and the a and b matrix elements are listed in [10, 11] , In the present analysis, the matrix given above was block diagonalized first by taking the symmetric and the antisymmetric linear combinations, and then each block was diagonalized numerically. The rotational and centrifugal distortion constants, the /-type interaction constants, and the anharmonic interaction constants have been determined by a leastsquares fitting procedure using the presently observed line positions, from P (113) to R (108), together with all available MW, mmW and sub-mmW transition in the ground vibrational state. For the v 5 = 2 state we have measured in the present work the pure rotational spectrum in the sub-mmW region from 590 GHz to 710 GHz, including the perturbed transitions. The first guess for the vibrational energy of the v 4 + 2v 7 combination state was made by using the information supplied by Prof. A. Fayt [16] .
As final results, we found that the anisotropic anharmonic interaction is negligible, i.e. F 2 = 0, and we obtained rovibrational energy levels of both the 2v 5 state and v 4 + 2v 7 state as illustrated in Figure 5 2+ state between J = 28 and 29. A very weak anharmonic resonance between these two states is induced by the mixing of the wavefunctions of the / = 0 and 2 components due to the /-type resonance interaction in the (1,0,0,2) state. This resonance also causes an avoided crossing effect, and the corresponding shifts in the line positions have been observed as shown in Fig. 4 although they are very small.
The best fit parameters obtained in the present analysis are listed in Table 2 . The parameters x L55 and d JL of the V 5 = 2 state are fixed at the value derived from the 2v 5 -v 5 hot band analysis by Arie et al. [14] . Several parameters for the hidden state, (1,0,0,2), have been fixed at the value estimated from the V 7 = 2 state. The fit is quite satisfactory; almost all residuals of the fit are smaller than ±0.0005 cm -1 for the infrared transitions, which is the present experimental uncertainty. The sub-mmW transitions have been fitted well except the lines very close to the 
IV. Analysis of the Hot Bands
The hot band 2v 5 + v 7 -v 7 A similar anharmonic resonance was observed in an associated hot band from the v 7 = \ state, (0,2,0, l) 1 ± (0,0,0, l) 1 ± . The /-component with the superscript " + ", the symmetric linear combination, is of / state, and " -", the antisymmetric linear combination is of e state in this case. The observed anomalies are illustrated in Fig. 6 , where the e and / components cross the perturber levels at different J because of the large /-type doubling splitting. In Fig. 3 the anomalous line shifts of the / lines are visible; the maximum upward shift is observed for R(65) and the downward shift for R(66).
The perturber state is, as a natural consequence, the state with one quantum higher in v 7 than in the case of the resonance found in the main band, i.e.
(1,0,0,3)^.
A non-vanishing matrix element caused by the anharmonic potential V l of (6) is, in the present case,
and by the anisotropic potential V 2 in (7),
J, ± 11 K 2 10,2( + 2),0(0), 1 ( +1);
The V 2 causes also an interaction for the /c = 3 state as 
The energy matrix to be diagonalized is of dimension 10 x 10 in this case, and by ordering the basis wavefunctions with the sign of /c, we can make its form 
the A matrix for a given J, with positive k, is ( 2, 3) fl s (3.3)
and has the same form for negative k. The B matrix is given as
The energy matrix, (18), was block diagonalized by using the symmetric and antisymmetric combinations of the positive and negative k functions as a new basis,
and each block was diagonalized numerically. The observed line positions, from P(103) to R(102) of the band, have been analyzed by a least-squares fitting procedure, in a similar way as in the case of the main band together with available MW, mmW, and sub-mmW data. The contributions from the anisotropic part of the anharmonic potential, F 2 and F 2 , are found again to be negligible. The results of the final fit are listed in Table 3 . The fit is not so good as in the case of the main band; there are systematic deviations of the calculated line positions from the observed ones in the range of +0.004 cm -1 . Many of the parameters were kept fixed in the fitting procedure at the estimated values as listed in Table 3 . The lack of information for the hidden state (1,0,0,3) did not allow us a further improvement of the fit.
The hot band 2v 5 + v 6 -v 6 No significant resonance was visible in the observed spectra of this hot band. The standard procedures for analyzing the linear molecule spectra with two bending modes [12] [13] [14] were applied to the present data, from P(89) to R (91), and the available pure rotational data for the lower state. The sub-mmW transitions of the lower state, v 6 = \, have been measured in the present study in the range form R(62) to R(77), which corresponds to the frequency range from 570 GHz to 710 GHz. The parameters have been determined as listed in Table 4 .
The hot band iv 5 -v 5 Although it is known that the v 5 = 1 state is weakly perturbed by the u 7 = 3 state through an anharmonic potential [4] which is, with a proper combination of quantum numbers for the present case, 
(26)
The energy matrix to be diagonalized for the lower state is of 6 x 6 dimension, which has a form as (18) for the v 7 = 1 hot band given above. Using the basis functions of
the A matrix for a given J with positive /c is in this case (2, 2) and the B matrix for negative k is
As in the case of the v 7 = 1 hot band, the energy matrix is then block diagonalized to the symmetric and antisymmetric state, (23), and then numerically diagonalized. This analysis is essentially the same as that presented in [4] , Table 5 lists the parameters obtained by the present analysis using the infrared data of P(92) to R(71), and the available mmW data for the lower states [4] . 
VII. Discussion
The present work revealed the accidental resonances which cause very large shifts in the line positions. Such resonances are expected to be observed in the high vibrational energy states, because the density of states becomes so high that the accidental crossing of the interacting rovibrational levels is very probable. Resonances make the assignment and the analysis of the spectra difficult on one hand. However, if the spectra are assigned, the proper analysis of the resonance gives valuable information for the hidden pertuber states. In the present study the vibrational energy and the rotational constant of the (1,0,0,2) state and of the (1,0,0,3) state have been determined very accurately without observing the transitions pertaining to these high quantum number states.
In fact, some of the resonance induced transitions from the ground state to the (1,0,0,2)°+ state have been identified in the final stage of the present work; from P(69) to P(73) and from R(66) to R(71). Since the mixing ratio of the wave-functions is very close to 50:50 near the energy crossing point, J'^10, they are very strong, as shown in Figure 3 . Corresponding intensity decreases can be clearly observed for the lines of 2V 5 . The intensity anomalies are also observed in the hot band 2v 5 + v 7 -v 7 , as shown in Figure 3 . The corresponding transitions of the perturber state have, however, not been identified yet.
The list of the infrared line positions and the newly measured sub-mmW line frequencies are available from the authors upon request and will be deposited at the office of Sektion für Spektren-und Strukturdokumentation, Universität Ulm, Germany.
